chamber measurements in PW and PWDT plastic materials corresponds to that in water within 1%. Both phantoms can thus be used as a substitute for water for photon and electron dosimetry.
I. INTRODUCTION
Recent standard dosimetry protocols [1] [2] [3] [4] recommend that a water phantom be used in the calibration of high-energy photon and electron beam treatment units. It is recognized, however, that this may be time-consuming and that the use of a plastic phantom may be more convenient for routine use such as quality assurance measurements due to simplicity, robustness, and positioning accuracy and reproducibility. IAEA TRS-398, JSMP-2002 and 70 IPEM-2003 protocols allow thus the use of plastic phantoms, especially for the calibration of low-energy electron beams with beam qualities R50 < 4 g/cm 2 . Also, for the determination of an absorbed dose at the reference point for low-energy, the preferred detector is a plane-parallel ionization chamber because of good depth resolution.
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The main problem with plastic phantoms is that the dose measured must be converted to the absorbed dose to water at a reference point situated at an equivalent depth in water. For photon beams, Seuntjens et al. 5 presented methods to determine the absorbed dose to water from ionization chamber measurements in a plastic phantom within the context of absorbed dose calibration protocols. In their paper, the ratio of the electrometer reading in the water 80 phantom to that in the plastic phantom, that is, a water-to-plastic ionization conversion factor, kpl, is evaluated from Monte Carlo methods at a water-equivalent reference depth.
The water-equivalent depth in plastic is scaled from the relative electron density to water, which corresponds to the depth-scaling factor, cpl.
85
Corrections for electron beam dosimetry are required for differences in stopping power and scattering power. The water-to-plastic ionization conversion factor for electron beams is known as a chamber-dependent fluence correction factor, hpl.
6-9 hpl can be computed from the electron fluence correction factor, w pl φ , and the wall correction factor, Pwall, of the ionization chamber used, 8, 9 which accounts for the non-phantom equivalence of the 90 chamber wall material.
w pl φ is the ratio of the electron fluence in the water phantom to that in the plastic phantom and accounts for the difference in the electron fluence in the two phantoms at the same water-equivalent depth. hpl is equal to w pl φ when Pwall in water and plastic is the same. The electron spectra in the two phantom materials are also identical in shape at the two positions of water-equivalent depth. 7, 9 95 -3 - 10 presented that kpl and hpl values of PW for photon and electron beams are equal to unity within approximately 0.5% from measurements using a Farmer-type chamber. The hpl value of PW is adopted in the IAEA TRS-398 code of practice.
The PW material used in this study is slightly different from the previous one in terms of elemental composition in fraction by weight and nominal mass density. 16 In this study, the kpl 120 values for PW and PWDT were computed by Monte Carlo methods for several commonly 
II. THEORY

II.
A. Water-to-plastic ionization conversion factor, kpl, for photon beams kpl at a water-equivalent reference depth in plastic phantoms for photon beams can be 130 calculated according to the Spencer-Attix cavity theory:
where Dw and Dpl are the doses to water and plastic, respectively, dref and deq are the reference depth in water and the water-equivalent reference depth in plastic, respectively, Experimentally, kpl can be measured as a ratio of ionization chamber readings Mw and Mpl in the water phantom at depth dref and the plastic phantom at depth deq, respectively, 145
Typically, dref in water for photon beams is 10 cm, resulting in an equivalent depth 
where I50,w and I50,pl are the depths (in cm) at which the ionization curve falls to one-half of its maximum value in water and plastic, respectively. Strictly, cpl factors are applied only for 155 depth-dose distributions and their use in scaling depth-ionization distributions is an approximation, but the cpl values obtained from both methods are almost the same and thus the use of I50 is practical since it can be obtained experimentally. The depth in water, d, is related to the depth in plastic, deq, by cpl:
The scaled (water-equivalent) reference depth in plastic can be calculated from Eq. (4).
II.C. Correction factors,
w pl φ and hpl, for electron beams w pl φ at a water-equivalent depth in plastic phantoms is calculated according to Spencer-Attix cavity theory: 7, 9 165 air eq air
where 
hpl is given as the fluence-scaling factor in the IAEA TRS-398 code of practice but the present study uses the chamber-dependent fluence correction factor. In Eq. (6) hpl is generally obtained from cross measurements at the reference depth in water and plastic as well as Eq. 175
(2) for photon beams. In the calculations, hpl can be expressed as follows:
Pfl in water and plastic phantoms is canceled in Eq. (7) Pwall for plane-parallel chambers in water and plastic is calculated using Monte Carlo methods.
Equation (8) is equivalent to Eq. (1) for photon beams. 
III. METHODS AND MATERIALS 185
III.A. Plastic phantoms
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The incident electron energy was adjusted to agree within 2% between Monte Carlo calculated and measured dose distributions (central axis depth-dose curve and off-axis dose profile at a depth of dose maximum) in a water phantom. Table III presents the characteristics of photon and electron beams from the Varian Clinac linear accelerators used in this study.
III.B.1. kpl for photon beams
The absorbed doses, Dw and Dpl, at scaled depths in water and plastic phantoms were evaluated with Monte Carlo methods to calculate kpl using Eq. (1). The stopping-power ratios were also calculated for application of cavity theory in both water and the plastic phantoms.
Pwall for the cylindrical ionization chamber in water and plastic phantoms was evaluated from 220 the stopping power ratios combined with the average mass-energy absorption coefficient ratios according to Eq. (62) in the IAEA TRS-277 code of practice. 23 The mass-energy absorption coefficient ratio of phantom material, "m", to chamber wall material, "wall", for any spectrum is calculated by the ratio of collision kerma for both materials:
where Ei is the photon energy, and
is the photon fluence spectrum. en ( ) / i E µ ρ for each photon energy is obtained from the data of Seltzer and Hubbell. 25 The photon fluence spectrum and stopping-power ratios were calculated from the phase space data at a water-equivalent reference depth using EGSnrc user-codes FLURZnrc 26 and SPRRZnrc, Stopping-power ratios were calculated from the phase space data using the EGSnrc/SPRRZnrc code.
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The ratio of electron fluence between water and plastic phantoms was obtained from the ratio of depth-ionization curves of water to plastic using Eq. (5). The 
III.B.3. Pwall and hpl for electron beams
Wall correction factors at the water-equivalent reference depth for a combination of water or plastic phantoms and wall materials of NACP-02 and Roos chambers were calculated using Monte Carlo methods described in previous papers.
9,27,28 For the Pwall calculation, the electron spectra obtained from the phase space data were used as the electron source. This is because a huge phase space data set is needed to compute Pwall with a statistical accuracy less than 0.2%. 250 Also, the difference of the contaminant photons in Pwall calculation between the phase space data and the electron spectra is not significant since Pwall is obtained as the ratio of two doses.
The ratio of the dose to the sensitive volume in the air cavity for a chamber wall composed entirely of water or plastic to that for a real chamber geometry was computed with the EGSnrc/CAVRZnrc code. 
IV. RESULTS AND DISCUSSION
IV.A. Determination of kpl for photon beams
The cylindrical ionization chambers used in this study were the Farmer-type of PTW 30001 and 30013 (PMMA wall), PTW 30002 and 30004 (Carbon wall), and Exradin A12 (C552 275 wall). The geometries and materials for the chambers are presented in detail in Table III of the IAEA TRS-398 code of practice. The water-equivalent reference depths for PW and PWDT phantoms were taken at the same depth as water of 10 cm since the relative electron densities ρe (pl) are 1.000 and 1.003, respectively, as shown in Table II. Table IV summarizes the mass-energy absorption coefficient ratios of phantom materials (water, PW, and PWDT) to 280 chamber wall materials (C552, Carbon, and PMMA), as a function of beam quality expressed in 20 10 TPR and %dd (10)x. Similarly, the stopping-power ratios of phantom materials to air and chamber wall materials to air are summarized in Table V. Ratios of wall correction factors for the Farmer-type chambers in PW and PWDT relative to 285 water were calculated using the mass-energy absorption coefficient ratios and stopping-power ratios and the results are summarized in Table VI 10 The PWDT values also agree within the uncertainties with those measured by Ramaseshan et al. 17 (Table I) , and they are very close to unity compared to those of water-equivalent plastic materials reported by previous papers. 9,27,28 The differences in Pwall between water and plastic materials for the plane-parallel chambers are 0.8% at a maximum. Pwall,pl in both phantoms also shows energy dependence similar to that in water. This is because their effective atomic number is 335 similar to that of water as shown in Table I . The main attribution for the wall correction of the plane-parallel chambers arises from the difference in the backscatter in the chamber wall material and the phantom material. [30] [31] [32] PWDT plastic materials corresponds to that in water within 1%. Both phantoms can thus be used as a substitute for water for photon and electron dosimetry. Table IV . Average mass-energy absorption coefficient ratios of phantom material to chamber wall materials as a function of beam quality expressed in 20 10 TPR and %dd (10) 20 10 TPR and %dd (10) 
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